We investigate heat transfer mechanisms relevant to metal films of nanoscale thickness deposited on a silicon (Si) substrate coated by a silicon oxide (SiO 2 ) layer and exposed to laser irradiation. Such a setup is commonly used in the experiments exploring self and directed assembly of metal films that melt when irradiated by laser and then evolve on time scale measured in nanoseconds. We show that in a common experimental setting, not only the metal but also the SiO 2 layer may melt. Our study of the effect of the laser parameters, including energy density and pulse duration, shows that melting of the substrate occurs on spatial and temporal scales that are of experimental relevance. Furthermore, we discuss how the thicknesses of metal and of the substrate itself influence the maximum depth and liquid lifetime of the melted SiO 2 layer. In particular, we find that there is a minimum thickness of SiO 2 layer for which this layer melts and furthermore, the melting occurs only for metal films of thickness in a specified range.
Introduction
Nanoparticle self-assembly, induced by dewetting of thin nanoscale metallic films, has recently been shown to be a promising process for synthesizing large-area nanoparticle ensembles, see Ref. [1] for a recent review. The process involves nanosecond pulsed-laser-induced melting of metallic films, filaments, and other geometries, followed by dewetting that may lead to formation of patterns characterized by a particular spatial order and size distribution [2] [3] [4] [5] [6] [7] [8] . Due to its relevance to a number of applications involving metal particles on nanoscale, the pulsed-laser dewetting has recently been studied in great detail [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . While these studies lay out a clear picture of the basic physical mechanisms of the dewetting, understanding of relevant thermal phenomena is still limited, and there are only few studies discussing these effects [4, 10, 22, 12, 23] . In particular, to the authors' knowledge, not much attention has been paid to the thermal processes in the substrate itself, leading possibly to its melting. As an example motivating such a study, Fig. 1 shows an experimental image from Ref. [11] that suggests that high temperatures reached during laser irradiation may lead to partial melting of the substrate. This figure shows that after the initial laser pulse, the liquid metal filament recesses into the substrate, suggesting substrate melting. In such a scenario, the dewetting dynamics of the metal film can be strongly coupled to the substrate behavior, in particular since the dewetting of a metal film resting on a liquid substrate can be altered significantly. Therefore, there is a strong motivation to understand possible phase change of the substrate that may occur during experiments involving pulsed-laser irradiation of metal films and other geometries.
In this work we present a model describing the heat transfer and phase change of the metal/substrate setup during laser irradiation. While for definitiveness we use the material parameters that correspond to a three layer setup consisting of copper (Cu)/silicon dioxide (SiO 2 )/ silicon(Si) (see Fig. 2 ), we will vary appropriate nondimensional parameters in order to reach a more general understanding of the problem. Regarding Cu/SiO 2 /Si setup, we note that while SiO 2 may be native to the Si substrate, we concentrate here on a common setup such that an SiO 2 layer of controlled thickness (typically 100 nm) is applied to the Si substrate, see e.g. Ref. [24] . The laser irradiation is considered to be applied via a Gaussian beam, and we study the effect of the laser parameters, including energy density and pulse duration, on possible melting of the SiO 2 layer. For the parameters for which the SiO 2 layer melts, we compute the depth of the melted SiO 2 layer and the total time the layer remains in liquid phase. We find that maximum thickness of the melted region can be of the same order of magnitude as the thickness of the metal film. Finally, we study the effect of changing the metal and substrate thickness on the maximum depth and liquid lifetime of the melted SiO 2 layer.
The rest of the paper is organized as follows. We begin in Section 2 by presenting the governing equations. In Section 3, we present the results, starting with the reference case (Section 3.1), followed by a discussion of the effects of key dimensionless variables, such as the ratio of the heat diffusion time to the laser pulse duration, and the ratio of energy per unit volume needed to melt the substrate to the energy per unit volume absorbed in the metal (Section 3.2). The role that the metal and substrate thicknesses play in melting process is discussed in Section 3.3. Section 4 summarizes the main conclusions. Fig. 2 illustrates the considered setup. A metal thin film of the thickness h m is placed on top of a flat substrate of thickness h c . The substrate consists of two layers -top layer of thickness h s (SiO 2 ) that in turn lies on top of another layer of thickness h c À h s (Si). The three-layer configuration, initially at room temperature, T room , is irradiated by a Gaussian temporal laser pulse. Although our model is general and can be applied to any material, the Cu/SiO 2 /Si experimental setup reported elsewhere, see e.g. Ref. [25] , will be taken as a reference case. Thus, we will make references to Cu, SiO 2 and Si layers throughout the paper to indicate metal, substrate 1 and substrate 2 layers, respectively.
Mathematical model
To keep the formulation of the problem tractable and as general as possible, we make a number of assumptions and approximations that are listed next. Future work should consider relaxing some of these, particularly if direct comparison to experiments is attempted. The assumptions are as follows: (i) the substrate is completely transparent to the laser radiation [26] , so that the metal film absorbs the energy of the laser and transfers it to the substrate by conduction; (ii) we will consider static setup for both metal and the substrate, and therefore convection is not considered in modeling heat transfer (this assumption is justified a posteriori in Section 3.1); (iii) only heat transfer in the out-of-plane (z) direction is considered, and (iv) the material properties are taken as temperature independent. For simplicity, for the metal film, we use the material parameters at ambient conditions; future works should consider the influence of the change of material properties with temperature on the results presented here; for reference, we note that, e.g., metal thermal conductivity changes about 15% between ambient and melting temperatures. Furthermore, we note that we focus on melting of the substrate itself, and do not discuss melting of the metal film that has been already considered in existing works [4, 12, 17] . These have also shown that the influence of phase change of metal on its temperature evolution is minor. Similar studies have also shown that laser energy typically used in experiments, ablation/evaporation of the metal film is negligible [27, 28] . For instance, for the reference case considered in this study the mass loss was estimated to be <2% per laser pulse [28] . Therefore, thinning effects due to mass loss are not considered in the present manuscript. Finally, as we will discuss, the temperatures achieved at the Cu/SiO 2 interface will induce melting in the SiO 2 layer but the melt front will not reach the Si layer below for the SiO 2 thicknesses considered. Thus, we will focus on the configuration Cu/liquid-SiO 2 /solid-SiO 2 /solid-Si, as depicted in Fig. 2 .
To describe the heating and possible melting of the substrate, we consider heat conduction in each layer coupled by appropriate boundary and interface conditions. The laser-metal interaction is introduced by the means of a source term in the heat equation for the metal layer [29] .
Under the above assumptions, the governing equations for the temperature are as follows:
q c c c
where T is the temperature, k the thermal conductivity, q the density and c the specific heat. The subscripts m; l; s; c indicate Cu, liquid-SiO 2 , solid-SiO 2 and Si, respectively. The phase change front is represented by sðtÞ. The laser beam is applied in the z direction. It is of the form [29] Q ¼ E 0 ð1 À RÞgðx; yÞf ðzÞqðtÞ; ð5Þ
where E 0 is the laser energy density and R is the reflectivity of the Cu film. The attenuation within the metal is described by Beer's law, f ðzÞ ¼ ae Àaz , where a is the absorption coefficient [29] . The pulse is taken as Gaussian, and is specified by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2 lnð2Þ p , giving the full width at half maximum equal to t p .
The term gðx; yÞ accounts for possible spatial variation of the pulse. For metals on nanoscale, the spatial extend of a laser spot is much larger than any other relevant lenthscale, motivating consideration of a uniform pulse, leading to gðx; yÞ ¼ 1. Therefore, Experimental image from Ref. [11] . After the initial laser pulse, the liquid metal filament (nickel) recesses slightly into the substrate (Si with a SiO 2 layer atop), suggesting substrate melting. where the reflectivity and absorption coefficient are given by
Here n is the refractive index of the metal, j is the extinction coefficient, and k is the pulse wavelength. Note that the z coordinate in Eq. (6) has been shifted so that the attenuation starts at the surface of the metal, at z ¼ Àh m . We assume perfect thermal contact between the three layers and neglect the interface thermal resistance effect, resulting in the following boundary conditions
; T m ð0; tÞ ¼ T l ð0; tÞ; ð8Þ
Furthermore, we ignore heat loss at the metal surface and take the temperature at the bottom of the Si layer to be fixed at the room temperature. Thus,
Anticipating that SiO 2 layer may melt, we also specify the following boundary conditions at the solid/liquid interface inside of the SiO 2 layer Our reference case for the rest of the paper is motivated by the experimental setup discussed in Ref. [25] . The laser properties are specified as follows: k ¼ 248 nm, t p ¼ 18 ns and E 0 ¼ 1400 J/m 2 , and layer thicknesses h m ¼ 16 nm, h s ¼ 100 nm, and h c ¼ 25 lm.
The refractive index and extinction coefficient of Cu at wavelength 248 nm are n ¼ 1:50 and j ¼ 1:74 [30] . The additional material properties are summarized in Table 1 . We note that the thermal conductivity of liquid SiO 2 is very difficult to measure and previous studies show similar values for both solid and liquid conductivities [31] . For simplicity, we have taken them equal. The melting point and latent heat of SiO 2 are given by T I ¼ 1883 K and
5 J/kg [32] . Also, we set the room temperature to T room ¼ 300 K.
Nondimensionalization
By introducing the nondimensional variables
and defining the scales
the governing equations, Eqs. (1)- (4) become, dropping the ''^" notation, 
T l ðsðtÞ; tÞ ¼ T s ðsðtÞ; tÞ ¼ e
Here, r represents the ratio of diffusion time to the laser pulse duration, and p is a parameter proportional to the ratio of energy needed to melt the substrate, q s L s , to the energy absorbed in the metal, ð1 À RÞE 0 a. In the next section we will discuss the relative effect of changing the laser energy and pulse duration on the maximum depth and liquid lifetime of the melted SiO 2 layer by independently varying p and r.
In the heat transfer literature, the factor p=r is usually given in terms of the Stefan number, b ¼ L s =c s DT. This formulation is useful, for instance, when modeling situations where the melting of a single layer material is triggered by applying a constant temperature T H above the melting temperature T I on one end of the material. Then, the scale DT ¼ T H À T I describes the maximum temperature change in the material and c s DT represents the sensible heat (per unit mass). By setting p=r ¼ b in Eq. (23) we realize that ds=dt / 1=b, where ds=dt represents the speed of the melting front. If the sensible heat (controlled by T H ) is much larger than the latent heat, then b ( 1 and the melting will proceed fast. On the contrary, if b ) 1 the melting will proceed slowly. In other words, the value of the Stefan number gives a measure of the speed of the melting process [33] .
While the classical formulation described above is often very useful, in the present case discussing the problem in terms of the Stefan number would not allow us to fully decouple the effects caused by changing the laser pulse duration from those changing the laser energy. For this reason, we resort to the formulation based on ðp; rÞ as the control parameters.
Results and discussion
When a laser pulse is applied, the temperature of the metal film increases. If the temperature of the metal is raised above the substrate melting point, T I , the substrate starts melting. The melting continues through the laser pulse duration, until the maximum of the pulse has passed and the temperature starts to decrease. The substrate starts to solidify and once the temperature at the metal/substrate interface is below T I , re-solidification is completed. In this section, we discuss the details of this process. We will see that the results are not at all obvious, and include non trivial dependence of the depth of the melted region, as well as of the total liquid lifetime, on the parameters entering the problem.
The numerical solutions of Eqs. (16), (18) and (19) for sðtÞ ¼ 0 are obtained by implementing finite difference discretization (with implicit time integration) allowing to pinpoint the time when melting starts, t Ã , and providing the profiles for T m ; T s and T c at the onset of melting, that are used as initial conditions to solve the melting problem. When melting begins, the model requires solving Eqs. (17) and (18) over the time-dependent domains 0; sðtÞ ½ and sðtÞ; 1 ½ , respectively. In doing so, we first fix the boundaries of T l and T s by implementing the following change of variables: n ¼ z=s and g ¼ ðz À sÞ=ð1 À sÞ. Then, we apply a semiimplicit finite difference scheme that discretizes implicitly T l and T s and explicitly sðtÞ [34, 35] . The melting process does not affect the domain boundaries of T m and T c , so Eqs. (16) and (19) are solved by standard backward Euler finite differences.
The numerical solution of the model allows to track the position of the melting front. In what follows, we focus on the maximum depth of the melted region, s max , and the liquid lifetime, t L , of the SiO 2 layer. First, we discuss the results obtained for the reference case that we have defined in the preceding section. Then, we explore the effects of the laser fluence and the pulse duration. Finally, we study the role that the metal and substrate thicknesses play in determining the maximum depth and liquid lifetime of the molten region.
3.1. Phase change: the reference case Fig. 3 shows the temperature distribution across the four layers (Cu, molten SiO 2 , solid SiO 2 , and Si) at various stages of the phase change. The position of the phase change front, sðtÞ, is indicated by the dashed vertical line. Fig. 3 shows that the large temperature drop occurs in the SiO 2 layer, T s ð1; tÞ À T l ð0; tÞ % 15, while the temperatures in the Cu and Si show virtually flat profiles, The fact that temperature varies only slightly through the metal film is as expected due to high conductivity of the Cu layer and its small thickness. Also, during the laser pulse, the temperature within both the solid and liquid regions of the SiO 2 appears to be almost linear in z. This is due to the fact that the time scale on which the temperature reaches steady state value is much faster than the time scale describing motion of the phase change front. Finally, small variation of the temperature in the Si layer is the result of the low thermal conductivity of SiO 2 , leading to rather minor amount of heat conducted through the SiO 2 /Si interface. We note in passing that due to the diffusion characteristic time scale for the Si layer (given by ðh c À h s Þ 2 c c q c =k c % 6:64 ls) being much larger than the laser time scale (t p ¼ 18 ns), a boundary layer near z ¼ 1 appears. Since such a boundary layer is not central to the problem on which we focus, we do not show it in Fig. 3 , nor we discuss it in more detail in the present paper. Fig. 4(a) shows the evolution of the temperature at z ¼ 0, with the horizontal line indicating the melting temperature of the substrate, T I . The dashed line corresponds to the numerical solution of the full model and the solid line shows the results obtained if the phase change is ignored (by explicitly setting sðtÞ ¼ 0). During the phase change stage, a part of the energy delivered by the laser is used to transform solid into liquid rather than for increasing the temperature. Therefore, the temperature predicted by the model when setting sðtÞ ¼ 0 (solid line), i.e., not taking the SiO 2 phase change into account, is higher than the temperature predicted by the full model (dashed line). The fact that the temperatures are similar suggests only minor effect of melting on the energy flow in the system, similarly as noted for melting of the metal itself [4] . Fig. 4(b) shows the evolution of the phase change front for the reference case. The peak in sðtÞ corresponds to the maximum thickness of the molten region, s max % 0:22; with our choice of length scale, this value corresponds to 22 nm. The liquid lifetime is defined as t L ¼ t end À t Ã , where t end is the time when resolidification is over. For the reference case, t Ã ¼ 1:5 and t end ¼ 2:76 leading to the liquid lifetime of t L ¼ 1:26, corresponding to 14:49 ns. Therefore, a significant part of the substrate is melted, during the time interval that is comparable to the pulse duration, t p .
We note that the time scales considered in the present work are short compared to the ones on which one could expect that thermocapillary stresses play a role, possibly modifying film thickness. To see this, one could consider linear stability analysis (LSA) of a flat film, and discuss the time scale on which a small perturbation grows; such a time scale, s LSA , is usually approximated by the inverse of the maximum growth rate computed by LSA, r m . Considering, for example, Ref. [23] , one finds that (in dimensional form) Table I in Ref. [23] ) gives the time scale of 10 À7 À 10 À6 sec, which is at least an order of magnitude longer than the time scales considered here. Therefore, it is reasonable to assume that film thickness is constant on the time scales of relevance in the present work.
Using the time scale s LSA , we can also estimate the reference speed u ¼ L=s LSA characterizing convective flow in the metal layer; here we take L % 100 nm as a typical length scale relevant to the fluid flow (this L is of the same order of magnitude as the most unstable wavelength resulting from the LSA discussed above for a 10 nm thick film). By defining the Peclet number as Pe ¼ uh m =a m where a m ¼ k m =c m q m is the thermal diffusivity of the metal layer, we obtain Pe is Oð10 À5 À 10 À6 Þ, thereby confirming that convective effects are indeed negligible for the setup considered in the present work.
The influence of laser pulse properties
The nondimensionalization of the model has produced the dimensionless parameters r and p, which are related to the pulse duration and the fluence of the laser source. In particular, r / 1=t p and p / 1=E 0 . Indeed, different combinations of values for r and p will lead to different liquid lifetimes and thicknesses of the molten region. Fig. 5 for a fixed value of p, as well as plots of some additional quantities discussed below. Recall that the reference case corresponds to ðr; pÞ ¼ ð0:64; 1:20Þ. In Fig. 5 , the central red diagonal stripe shows the range that corresponds to partial melting of the SiO 2 . The orange area in the upper left corner corresponds to the p-r combinations for which melting of SiO 2 does not occur. The brown area on the lower right corner shows the part of the space where the temperatures are higher than the boiling point of Cu. Since our model does not apply to such high temperatures, we will not discuss this part of the parameter space any further.
To understand the behavior of t L and s smax contours in Fig. 5 , we first write Eq. (6) in terms of the temperature scale, DT, as
Then, by combining Eqs. (15) and (25), we observe that the temperature scale can be expressed as DT ¼ L s r=ðc s pÞ, leading to Q / ðr=pÞ expðÀ4 lnð2Þðrt À 1Þ 2 Þ. Note also that, using Eq. (6), we can write Q / ðE 0 =t p Þ expðÀ4 lnð2Þðt=t p À 1Þ 2 Þ. Based on these expressions for Q, we realize that changes in p only affect the amplitude of the Gaussian pulse, while the changes in r affect both the amplitude and the pulse duration. The observations given in the previous paragraph allow us to better understand the general features of the results shown in Fig. 5 . We see that increasing r while keeping p fixed, or decreasing p with fixed r, produces larger s max ; see also Fig. 6a . This is due to the fact that increasing r or decreasing p results in larger amplitudes r=p of the Gaussian pulse, so more energy is delivered to the system. However, by comparing Figs. 5(a) and (b) , it can be seen that t L increases only for small values of r (keeping p fixed), while for larger r's, the liquid lifetime does not increase. The reason for this can be seen in Fig. 6 (d) that shows the variation of the Gaussian pulse with r for fixed p. As r increases, the pulse amplitude increases and the duration of the pulse decreases, leading to a larger amount of energy delivered faster. Thus s max becomes larger, but the liquid lifetime does not necessarily increase since the pulse is shorter.
It is also relevant to discuss how the phase change process affects the energy flux through the SiO 2 /Si interface. Fig. 6(b) shows the energy flux wðz ¼ 1; tÞ ¼ @T c =@z for the same values of r as in Fig. 6(a) . The results show that the energy flux is higher when s max is smaller, as less energy has been spent in phase change. To simplify the comparison, the curves in Figs. 6(a) and (b) have been aligned with respect to t Ã , the time when melting starts. We note that for large r (more energy, shorter pulse) the melting process starts earlier than for small r (less energy, longer pulse); see also Fig. 6(c) .
The dependence of phase change process on metal and SiO 2 thickness
In the experiments involving metal films on Si substrates, the thicknesses of the metal film and the deposited SiO 2 layer could be easily controlled and varied. Therefore, we next discuss the dependence of t L and s max on these quantities. Fig. 7 shows the changes in t L and s max as we vary the metal thickness from l 1 ¼ 0:09 to l 1 ¼ 0:82 (or equivalently from 9 nm to 82 nm) in steps of Dl 1 ¼ 0:01. For smaller values of l 1 , we see that increasing l 1 results in an increase in t L and s max . However, if we keep increasing l 1 , both t L and s max reach a maximum and then start decreasing. The explanation for this non-monotonous dependence is that the amount of energy that the metal can absorb is limited by the Beer's attenuation factor, e Àahsðzþl 1 Þ , in the source term. For smaller l 1 , an increase in the metal thickness leads to an increase of energy absorbed, which is then used to heat up the metal and the substrate and consequently leads to an increase of t L and s max . For sufficiently large l 1 there will be no further significant increase in the energy absorbed, but the amount of metal that needs to be heated is larger, and therefore the temperature drops, and the liquid lifetime and the depth of the molten region decrease. The consequence of this non-monotonous dependence is that melting of the substrate occurs only for a range of metal thicknesses - Fig. 7 shows that the minimum metal thickness for which substrate melting occurs is %0:09 $ 9 nm and the maximum %0:82 $ 82 nm; clearly, as the properties of the laser source, or the SiO 2 thickness (discussed next) are modified, this range changes as well. Note that the turnaround points in t L and s max are achieved at different values of l 1 . In particular, t L shows maximum at l 1 % 0:32 and s max at l 1 % 0:25, corresponding approximately to 32 nm and 25 nm, respectively. Fig. 8(a) shows the reason for this difference. We see that the temperature of the Cu/SiO 2 interface for l 1 ¼ 0:25, at which the maximum of s max occurs, reaches the maximum value. On the other hand, for l 1 ¼ 0:32, at which the maximum of t L occurs, we find that the interface temperature is higher than T I for the (slightly) longer period. We note that the curves in Fig. 8(a) have been aligned with respect to t Ã , the time when melting starts, see Fig. 8(b) ; the results shown in this figure could be rationalized similarly as the results for t L and s max in Fig. 7 .
Next we focus on the influence of the SiO 2 thickness. Fig. 9 the SiO 2 layer is thick enough to be considered as of effectively infinite thickness, and due to small heat conductivity of SiO 2 , the influence of the boundary condition at the bottom of the substrate disappears. Fig. 9 also shows that t L and s max go to zero when h new s =h s % 0:63, meaning that melting of the SiO 2 layer is suppressed if its thickness is smaller than h new s % 0:63h s ¼ 63 nm. Therefore, our results indicate that there exists a minimum thickness of the SiO 2 layer at which the melting of the substrate can be completely avoided. Clearly, the exact critical value of the SiO 2 thickness depends on the metal film thickness as well as on the laser source properties.
To better understand the influence of SiO 2 thickness on melting, Fig. 10 shows the evolution of the temperature during phase change at both ends of the SiO 2 layer (z ¼ 0 and z ¼ into lower temperatures of the Cu/SiO 2 interface (part (a)) and higher temperatures at the SiO 2 /Si interface (part (b)). When h new s =h s < 0:63 the temperature at the Cu/SiO 2 interface does not reach the phase change temperature T I and melting of the substrate does not occur.
Conclusions
Metal films of nanoscale thickness evolving on top of Si substrates covered by SiO 2 are becoming increasingly important in a number of applications, and have been considered commonly in laboratory experiments. In this paper we have presented the results that suggest that the SiO 2 part of the substrate may go through phase change process under the conditions commonly used in the experiments and applications involving laser irradiated metal films on nanoscale. We focus on understanding the details of the melting process, and how the extend and duration of melting depend on the material parameters, properties of the laser source, and the thicknesses of the metal film and of the SiO 2 layer. Partic- ularly interesting finding is that, everything else kept fixed, there is a specified range of metal thickness, and a minimum value of the SiO 2 thickness, for which melting occurs.
Melting of the substrate in the experiments involving dynamics of metal films may have significant consequence on the metal film dynamics (due to thermocapillary stresses, or some other driving force), since the metal film may be evolving on liquid, instead of solid substrate. Clearly, the evolution itself will lead to more complex setups since the thickness of a metal film becomes spatially dependent, influencing the heat flow and melting process. The present work sets a stage for considering such more complicated problems involving both heat and fluid flow.
